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Abstract 
In order to increase the thermal efficiency and produce process heat for hydrogen production, the operating temperature of the 
heat transfer fluid in thermal solar plants needs to increase. In addition reaching 900 °C would also increase the heat storage 
density and the efficiency of the thermodynamic cycle by using a combined cycle for electricity production. The benefits of 
hydrogen (e.g., for fuel cells) and a more efficient thermodynamic cycle would allow a plant to have a higher energy output per 
square acre of land use, thereby increasing its economic competiveness.  
Today, solar thermal plants do not operate at these high temperatures due to the fact that conventional heat transport fluids begin 
to disintegrate around 600 °C [1,2].  For non-solar applications, low melting-temperature metals, such as wood’s metal and lead-
bismuth eutectic alloy, have been examined as heat-transport media, because of the large temperature ranges over which they 
remain liquid. Lead-bismuth eutectic alloy (LBE; 45% Pb, 55 % Bi) melts at 125 °C and does not boil until 1670 °C, making it 
an ideal heat-transfer medium for application in thermal solar power [3]. The main obstacle to using LBE is finding structural 
materials that can withstand the harsh corrosion environments at high temperatures. In this work the key issues of materials 
exposed to liquid metal are described while initial data on carious steels tested in liquid metal are provided. While corrosion is a 
significant issue in this environment, mechanical failure of steels in liquid metal are discussed as well.  
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1. Introduction 
The global electrical energy demand is expected to increase approximately 75% from 2008 to 2035 to total 35 
300 TWh [4]. New technological advances and developing countries and countries which are increasing their 
industrial capabilities are responsible for a significant fraction of this growth. While the energy demand is strongly 
tied to living standards in those areas the greenhouse gas emission is also increasing since the majority of the energy 
is produced by fossil fuels. With an expected global temperature increase of 1.9 to 4.0 K (according to the B1 
scenarios) [5] and 3.6 to 7.5 K (according to the A1FI scenarios) [5] the need for dependable carbon free energy 
sources increases. One of the options to provide for the increasing energy demand without increasing greenhouse 
gas emission is concentrated solar power especially central receiver systems (CRS).  
CRS have the potential to achieve low costs in the long term because of their ability to reach high temperatures 
and utilize more efficient thermodynamic cycles [6]. These higher temperatures would permit the use of a combined 
cycle (brayton/ rankine) instead of Stirling or rankine cycles leading to higher thermodynamic efficiencies [7,8]. 
Also if the heat transport fluid temperature in CRS reaches 900 ιC the plants could produce hydrogen directly from 
water, methane or Sulfur iodine processes [9] without the need to go through electricity generation and water 
electrolysis. These direct hydrogen production processes have the potential to increase the economy in CRS plants 
making them more competitive. In addition combining CRS with hydrogen allows delivering energy 24h a day since 
the excess amount of hydrogen produced during the day can be used in fuel cells during night time to keep the 
electricity supply stable. However reaching 900 ιC in a CRS is a challenge and new heat transfer fluids need to be 
considered.  
Current thermal solar heat transport fluids begin to disintegrate around 600ιC [1,2]. In general it can be stated 
that the goal of 900 ιC is too high for any type of oil based fluid leaving only gases, liquid salts or liquid metals as 
potential heat transfer fluids. While gases have a low density and therefore less efficient heat transport, salts are 
known to have high melting points [10]. For non-solar applications, low melting-temperature metals, such as sodium 
have been utilized in the past. In fact sodium has been used in nuclear applications for decades successfully. While 
being hazardous when in contact with water the number of sodium fluid related accidents are limited. However, 
sodium seems to be an unlikely candidate for a 900C application since its boiling point is 882 ιC  at 1 atm pressure 
which can lead to significant more dangerous situations in the event of a leak. Sodium vapor could be released at 
temperatures of 900ιC causing severe issues if in contact with moist air as found in coastal regions. Heavy liquid 
metals such as wood’s metal (Pb-Sn-Bi, melting point 65-80ιC)[11,12], Rose metal (melting point 93ιC) and lead-
bismuth eutectic (melting point 125ιC) alloy [4], are also candidates for this application. From the large number of 
low melting alloys such as the ones listed above only lead bismuth eutectic was investigated for its ability as a heat 
transport fluid. In fact LBE has been used in naval nuclear reactor applications such as the former Soviet Union 
alpha submarines. The benefit of this alloy is the large ΔT between the high boiling point (1670ιC) and the rather 
low melting point (125ιC). In fact one can imagine preheating the system with warm air or steam in order to keep it 
liquid in a large scale application. A large amount of knowledge has been obtained on LBE previously specifically 
for nuclear applications and is also the focus of this work. The main obstacle to deploying LBE as a heat transport 
fluid is finding structural materials that can withstand the harsh corrosion environments at high temperatures and the 
liquid metal embrittlement of a large number of potential structural materials. The combination of corrosion, long 
term operation and structural integrity at a wide range of operation conditions make the structural materials choice 
rather challenging, the operating temperature of 900 °C is beyond the maximum service temperatures of common 
steel alloys. Nickel-based superalloys cannot be used because the solubility of Ni in lead-based liquids as discussed 
in the corrosion section below [13]. As for all corrosion issues it is essential to control the chemistry in the corrosive 
environment of the systems to reduce the corrosion issues. The same is true for the liquid metal corrosion and 
embrittlement phenomena.  
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2. Introduction to corrosion phenomena’s and mitigation strategies 
The main issue with using LBE as a coolant at high temperatures is the corrosion and dissolution of steel 
elements in the LBE. The main steel alloying elements (like Fe, Cr, Ni) have high solubility in the LBE [13,14]. The 
solubility of these different elements will increase with higher temperature making the dissolution of steel at the 900 
ιC operating temperature a major issue especially in a loop system with a large 'T. The solubility limits of typical 
steel alloying elements can be seen in Figure 1. The dissolution problem can be inhibited with active oxygen control 
and allowing the growth of a passivation film on the structural material or the use of inhibiters like zirconium. The 
use of zirconium forms protective zirconia films on the steel surface [15, 16]. These films protect the steels by 
changing the rate controlling step from liquid-phase diffusion to diffusion of the steel atoms through the zirconia 
film [17]. The main problem with the added zirconia films is that they are rather brittle and can spall off leading to 
exposure of new metal surface to the LBE which means that a constant supply of zirconium would have to be 
maintained in the system to reform the film [18]. The need for maintaining zirconium in addition to the possibility 
those small pieces of zirconia films could agglomerate in sections of the pipe leading to clogging make an 
engineering application using zirconium additives difficult and favors the oxide layer formation route. 
 
Deploying a precise oxygen content control system to add or remove oxygen from the liquid LBE allows the 
growth of protective passive oxide layers on the steel surface which inhibits the dissolution of steel atoms in the 
same way as the zirconium inhibitor does; however, instead of the deposited film being the rate controlling step it is 
now diffusion through the native formed oxides  on the steel surface [13] which determines the corrosion rate. The 
formation of the oxide layers is possible because lead and bismuth are less chemically active than the major 
components of steel represented by a higher Gibbs free energy change for their oxide formation than the steel based 
oxides. This effect is well illustrated in Ellingham diagrams where the Fe3O4, Cr2O3, SiO2 etc. free energy lines are 
below the PbO and BiO free energy lines. This allows the formation of Fe, Cr, Si, or Al oxides on the surface of the 
steel and change a linear dissolution rate into a parabolic oxide layer growth law. 
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Figure 1: Calculated solubility of Fe, Cr and Ni in LBE in the Solar thermal application relevant temperature range after [21]. 
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This might lead one to believe that a higher oxygen content of the LBE would be beneficial to the system leading to 
faster oxide layer growth and decrease in the dissolution of alloying elements upon materials exposure; however, 
having a too high oxygen content in the LBE can lead to formation of Pb and Bi oxides in the loop that clog pipes in 
colder sections and can also lead to unreasonable fast oxidation rates of the steel surface. The rates of oxidation 
found in these cases have been greater than that in air or gaseous environment for reasons currently under 
investigation but likely due to fast diffusion channels. The balance between high and low oxygen content is essential 
for developing a reasonable low corrosion rate based on protective oxide films. The optimal oxygen content in LBE 
as function of temperatures is shown in Figure 2 for a loop system operating between 700 and 1200K. The lower 
boundary is given by the amount of oxygen needed to start forming a Fe3O4 oxide layer while the higher boundary is 
given as a saturation of oxygen in LBE. It has to be pointed out that f Fe3O4 is not considered a good diffusion 
barrier and protective oxide but the oxide formed at higher gibbs free energy than the stable Fe-Cr- spinels which 
typically form on various stainless steels underneath the Fe3O4 layer.  
 
Transmission electron microscopy analysis of specimens exposed to flowing LBE show that the flow removes 
some alloying elements and leaves porous channels behind acting as fast diffusion paths. This is in contrast to  
gaseous environments where there is no transport of the alloying elements away from the sample [19]. Therefore the 
oxidation in liquid metal is a dissolution oxidation process rather than straight oxidation leading to a fast oxidation 
rate of the steel in these environments compared to air or other gaseous environments. The images of excessive 
oxidized Fe-Cr-Al steels  at high oxygen content and dissolution at low oxygen content can be seen in Figure 2 from 
experiments done at the University of California, Berkeley. With a high oxygen content leading to excessive rates of 
oxidation and a low oxygen content leading to dissolution of the steel elements an optimal window for the oxygen 
content of the LBE, where a stable double oxide layer is formed, can be defined [20]. The optimal oxygen content 
for LBE systems operating between 600 °C-900 °C would appear to be in the range between 1.5 x 10-4 wt% and 3 
x10-6 wt% calculated by the equations given in [21]. The optimal window can be seen in figure 2. In this model the 
oxygen content limits for the upper limit are the solubility of oxygen in LBE and the lower limits are the 
concentration of oxygen needed to form magnetite (Fe3O4). As mentioned above Fe3O4 is not the protective scale 
engineers rely on, it does serve the purpose to illustrate the narrowest operational window. Usually Fe-Cr spinells or 
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Figure 2: Showing the oxygen concentration range in the temperature range of 1000 -1250 K for LBE to prevent the PbO from forming 
and allowing Fe3O4 to form.  Example of effects of oxygen concentration of the LBE on a Fe-Cr-Al steel at high temperature. In image 
A the penetration of LBE into the material can be seen since the concentration oxygen was too low to allow a protective oxide layer to 
from. In Image B there was too much oxygen which facilitated fast oxidation rates of the material and produces a porous structure.  
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other more stable oxides are the protective oxides but they are only increasing this window towards lower oxygen 
contents and therefore making the engineering application easier to control.  However, there has been no 
experimental evidence at 900 ιC to verify these limits. The highest temperature corrosion tests in LBE have been 
conducted at this point in time is 750 ιC on Fe- Cr-Al steels [22]. The results showed that at 750 ιC the only steel 
which was able to form a protective oxide layer on the surface was Kanthal-Alkrothal at an oxygen content of 10-8 
wt%. The other steels tested were not able to form protective layers and suffered serve dissolution; however, it was 
reported that all of the Kanthal steels studied formed protective oxide layers at 750 ιC when the oxygen content was 
10-6 wt% which is in agreement with our assessment made above. Also Silicon containing materials have been 
investigated up to 715 °C and have shown good resistance [23] due to the formation of Si-rich oxides. However, 
investigations of steels in LBE at the operating temperature of 900ͼC are needed to evaluate the capabilities of these 
steels in such environments. 
 
As already stated above precise oxygen control of the liquid metal is crucial to maintain and grow self-healing 
protective oxide layers on steel. It has been shown that commercially available oxygen sensors in static laboratory 
conditions can measure the oxygen content of liquid metals at 700 ιC with little to no modification [24, 25]. The 
corrosion of the oxygen sensors was studied and it was found that there was no detectable corrosion, crack 
formation or penetration of LBE using yttria-stabilized zirconia with Bi/Bi2O3 at 700 ιC for 1000 hours [25]. There 
were some problems with thermal shock of the sensors being cycled from low to high temperatures leading to 
eventual failure of the sensor. There seems to be no reason to believe that these sensors would not operate properly 
at the 900 ιC operating range since tests have been performed up to 850ι    ሾʹͶሿ   
    1700 ιC [26]. All oxygen sensors used in liquid metal function based on the EMF 
signal recorded between the sensor reference and the liquid metal. In general the sensor allows the transport of O2- 
ions through the electrolyte (yttria stabilized Zirconia) and measuring the electrochemical potential between the 
reference (Pt/air, Bi/BiO3 or other references) and the liquid metal of interest. Utilizing the EMF signal and the 
Nernst equations the oxygen concentration of the liquid metal can be calculated as demonstrated in [24, 25]. 
Adjusting the oxygen content in LBE based on the sensors output can be done by adding various cover gases to the 
expansion tank or a chemical treatment tank. Ar-H gas mixtures or Ar-O gas mixtures are often used to adjust the 
oxygen content in the LBE. It was found that H gas mixtures with as low as 3.9%H can reduce the LBE. This 
hydrogen content is especially interesting since the highly diluted gas is not categorized as flammable any more. 
After initial cleaning of the LBE in a loop system in long term operation it was found that oxygen needed to be 
added since oxygen is consumed by the steel during the oxide layer formation. 
 
 
 
 
 
Figure 3: An overview of a tensile test done in LBE. The large number of cracks in the necking region can be observed. There is a 
SEM photograph of the fracture surface where the crack was in contact with LBE 
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3. Mechanical failure of structural materials in liquid metal  
The steels examined in the nuclear industry have been austenitic stainless steels and high Cr (9-12%) 
ferretic/martinstic steels. There has been extensive data collected on interaction of LBE with high Cr F/M steels HT-
9 (12CrMoVW), the Russian EP823, and T91 (9Cr1MoVNb) [27, 28]. T91 has excellent strength retention at high 
temperatures and excellent creep resistance [29] at medium temperatures and not 900 ºC. During these examinations 
it was found that liquid metal enhances the mechanical failure of especially F/M steels leading to a loss of ductility 
of the material and enhanced creep. The loss of ductility is also described as liquid metal embrittlement where the 
total elongation is greatly reduced during a tensile test. SEM analysis of T91 tensile samples show that there is large 
number of cracks forming and propagating in the necking zone which can be seen in Figure 3 When fractography is 
performed on the samples it is noticed that the fracture is of mixed type (brittle/ductile). The brittle fracture is 
observed at the crack initiation sites and where LBE has penetrated along the crack [30]. An example can be seen in 
Figure 3 while during normal operation in a CRS this is not an issue due to the fact that the design stress is supposed 
to be below yield stress; however, it does violate the “leaking before breaking” concept in an engineering 
application. Recently creep tests were performed on F/M steels that show significant issues with the material and 
early failure compared to specimens tested in air. In fact it was found that at 550 °C and 200 MPa the creep to 
rupture time is reduced [30, 31] Therefore, at high temperatures as of interest to the CRS it is essential to evaluate 
this phenomenon. The main advantage that the solar community has is the fact that the alloy design is not limited by 
nuclear consideration like low activation, neutron absorption or radiation damage leaving a wider array of materials 
available to investigate and use.  
4. Corrosion 
There have been many corrosion studies done in both static and flowing LBE [13]. These studies characterized 
the oxide layers grown on the steels in this environment extensively as well at the rate of corrosion. An example for 
an oxide layer structure that grows on F/M steels can be seen in Figure 4 [32]. The various microscopy techniques 
Figure 4: Oxide layer grown on HCM12A a F/M steel at 450 C, 5500h in LBE at 10-6 wt%. 0.08 m/s flow rate [32]  
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used to analyze the oxide layers are atomic force microscopy (AFM), magnetic force microscopy (MFM), 
conductive atomic force microscopy (C-AFM), and scanning transmission electron microscopy (STEM) have all 
given new insights to the complex structure of the protective oxides grown on steels. Most of these studies however 
have been done at exposure temperatures lower than 600 ιC leaving little experimental evidence for material 
behavior at temperatures up to 900 ιC. There have been some studies of corrosion of Fe-Cr-Al steels at 750 ιC that 
showed promising results [22]. The Kanthal steels investigated were Kanthal-D, Kanthal-AF, Kanthal-APM and 
Kanthal-Alkrothal. These are all Fe-Cr-Al steels with varying concentration of Cr (14-24 wt.%) and Al(4.3-5.8 
wt.%) In the study the Kanthal steels were studied at 500 ιC, 600 ιC and 750 ιC with two oxygen concentrations of 
10-6 and 10-8 wt.%. At 750 ιC and oxygen concentration of 10-6 wt.% all of the Kanthal steels under investigation 
formed thin protective alumina scales which hindered dissolutions attacks [22]. When the oxygen concentration was 
lowered to 10-8 wt.% all but the Kanthal-Alkronthal showed serve dissolution attack while the Kanthal-Alkronthal 
had a formation of a thin alumina scale. In the report the microstructure of the steel was considered as the main 
reason to explain this scale formation. The thickness of the oxide layers at 750 ιC was not reported but instead the 
investigation noted that it was a thin alumina layer. Recent studies currently conducted at UC Berkeley on layers 
formed at similar conditions and on the same steels agree with the findings reported in [22] but are subject of more 
thorough characterizations. Other studies focused on refractory metals (tungsten, molybdenum, niobium), ceramics 
(SiC, Ti3SiC2, SiC/SiC composites) and surface-coated steels (Al-steel-sputtering-coated STBA26) [33]. The 
materials were tested in LBE at 700 ιC for 1000 hours. The Al-steel sputtering-coated STBA26, STBA26 as 
received and the SiC/SiC were tested with an oxygen concentration of 6.8 x 10-7 wt.% while the refractory metals, 
SiC, and Ti3SiC2 were tested in an oxygen concentration of 5 x 10-6 wt.% [33]. The Al-steel-sputtering-coated steel 
was coated with Al with layer thickness of 21 μm by physical vapor deposition (PVD) technique using the 
Unbalanced Magnetron Sputtering (UBMS) method. After testing the Al-steel-sputtering-coated steel remained 
intact with no penetration of the LBE into the steel. It was found that a thin-stable layer of alumina with a thickness 
of 3.77-4.50 μm had formed. It was also noted in the study that the coating process had a significant impact on the 
ability to form an alumina layer [34, 35]. For the non-coated specimen, no oxide layer was present and the LBE 
penetrated deeply into the material. When the refractory metals were investigated and characterized it was found 
that tungsten and molybdenum showed high corrosion-resistances. SEM analysis after the tested showed no 
formation of oxide layer on either of the materials and there was an extremely small amount of weight loss so no 
dissolution of the material into the LBE. The SEM microscopy of the niobium specimen showed deep penetration 
and there was a large weight loss (190 g/m2) of the material. It has also been show that niobium is not compatible 
with LBE at high temperatures by [36]. This gives promising results for some refractories but refractory metals are 
brittle and difficult to machine and process. It is also known that molybdenum in the presents of oxygen at high 
temperature (above 700ͼC) will oxidize quickly by the formation of MoO3 and lead to significant loss of material 
[37]. Also Tantalum and Tungsten are known to gather oxygen effectively. This leaves a potential LBE system with 
highly reduced LBE (low oxygen content) in order to avoid the degradation of the refractory integrity. Also it raises 
the issue of the interaction of the refractory metal with the surrounding environment (air) and these materials need to 
be protected. Steel cladded refractory alloys might be a solution but a significant effort needs to be made in order to 
evaluate the viability of this engineering solution.  Additional studies would need to be made at 900ͼC as well as 
mechanism for either reducing the temperature of the surface of molybdenum piping or keeping the piping in an 
inert environment to prevent oxidation would need to be investigated. The ceramics examined showed superb 
corrosion-resistance to LBE. In the SEM investigation there was no penetration of LBE into the SiC or the Ti3SiC2 
and both specimens had little weight loss. The SEM microscopy showed no formation of an oxide layer on the 
surface of the materials. The LBE was able to penetrate into the pores of the SiC/SiC composite but there was no 
corrosion of the material. This shows that ceramics have the exceptional corrosion resistance to LBE but ceramics 
have the issue of being extremely brittle which makes then not the ideal candidate for structural materials. There is 
work being done on SiC/SiC composites that hope to increase the fracture toughness for use in structural 
applications.  
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5. Flowing LBE 
The flow of LBE over the surface of the steel is an important part in formulation and characteristics of the oxide 
layers that grow on steels. The experience gained in Russia indicates that the flow should not be greater than 2 m/s 
to prevent erosion of the protective layer [38]. It has also been noted that the flow patterns and local velocities of the 
LBE have effect on the protective layer growth [39]. Very limited work has been done investigating the flow 
velocity effects and limitations of LBE with none in the 900 ιC regime [38, 40-42]. Only FeCrAlY GESA coated 
T91 steel that was exposed to flowing LBE with velocities of 1, 2, and 3 m/s with a temperature range of 480-600ͼC 
was investigated. The oxygen concentration in the study was 10-6 wt.% and it was found that  the thin protective 
alumina scale was not influenced by the LBE flow rate [39]. Currently an extensive study is on-going at Los Alamos 
National Laboratory investigating a large sample matrix and the effect of flow velocity at exposure times of up to 
3000 h [43]. Another more basic science oriented technique that could be used in helping establish a velocity limit to 
the LBE and evaluate the erosion issues would be to evaluate the binding force of the protective oxide layer to the 
steel substrate. Today using Focus Ion Beam (FIB) technology one could mill micro cantilevers into the protective 
oxide layers to evaluate their physical properties. When this method was used it was found that the weakest link of 
the protective oxide layers was not the oxide/steel interface but instead a highly porous region in the inner oxide 
right before the oxide/steel interfaces [44]. 
6. Conclusion 
Increasing the operating temperature of CRS solar plant to 900ιC would allow the plant to produce hydrogen 
directly and allow the use of combined thermodynamic cycles for higher efficiency. The use of the combined 
brayton/rankine cycle would allow the power plant to have thermal efficiencies in the high 40 % range[7,8]. The 
higher thermal efficiencies would allow a CRS solar power plant the ability to produce more energy with the same 
amount of heat increasing the overall efficiency of the power plants use of materials. The higher temperature of the 
heat transport fluid would also give the system larger inertia for passing cloud cover [45]. The power plant would 
not have to slow down the turbine and loose energy to starting and slowing of the turbine and allow a more constant 
energy supply. The heat capacity of the liquid metal would also allow for thermal storage which would the CRS 
power plant to have a constant output of electricity. With developments in large scale hydrogen storage [46, 47] a 
CRS plant could store excess hydrogen on site and then by using fuel cells to produce electricity the plant could 
have a more constant electrical production. Having a more predictable energy supply would allow the plant the 
ability to sell future energy instead of under selling due to the uncertainty of production. The production of 
hydrogen would give the plant a commodity to sell other than electricity if a significant hydrogen economy develops 
[48]. LBE is an excellent heat transfer fluid to expand the temperature range of CRS plant because the LBE melts at 
125 °C and does not boil until 1670ͼC [3] allowing a large ΔT to be produce increasing cycle efficiencies. There has 
been promising results of LBE corrosion at 750ͼC on the refractory metals tungsten and molybdenum as well as 
ceramics [34]. Especially, Al containing steels like Fe-Cr-Al steels or Al/Fe coating on steels allowing the formation 
of protective alumina that inhibit dissolution of the alloying elements have been of interested [22, 33]. However it 
has also been shown here, that there has been little research of materials compatibility with LBE at 750 ͼC and no 
research was done as high as 900ͼC. The possibility of using ODS or other high temperature structural materials 
have not been investigated and should also be investigated. If the operating temperature of 900 ͼC  or higher is 
going to be reached by CRS plant there is going to be a need a sustained effort to research and understand what 
happens to materials at these high temperature ranges in LBE. While the subject of LBE based research is extensive 
and under consideration for the nuclear industry for a long time it is a novel concept for the solar community. And it 
is the intention of this paper to introduce in brief the associated materials science issues. Extensive research is 
needed in order to utilize liquid metals as a heat transport fluid but one can build upon past experiences and 
knowledge in order to avoid mistakes made previously. 
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